The generation of immunity against viral pathogens is diverse; and immunity is formed from a complex interaction of the virus, host immunity, and the backdrop of the microenvironment in which interactions occur. Although the initial response to different viral pathogens is similar, these diverse interactions drive chronic immunologic responses to different points in the differentiation pathway responsible for the generation of helper and effector responses. It is important to understand why and how viral infections mediate activation and differentiation of the immune response differently, because it is these differences that may explain whether an infection will be controlled or not. In individuals infected with human immunodeficiency virus (HIV) type 1 (HIV-1), the T-cell memory responses that develop are distinctly different from the responses to other viruses that develop. Why this occurs and the importance of these differences are not fully understood. In this minireview the memory phenotypes of CD4 and CD8 T-cell populations in response to HIV-1 infection are discussed in relation to the memory phenotypes of CD4 and CD8 T-cell populations in response to other chronic viral infections. The recovery and persistence of memory cell responses after highly active antiretroviral therapy (HAART) are examined as well.
PHENOTYPIC MARKERS OF MEMORY CELL POPULATIONS
The development of naïve cells into chronic differentiated memory cells follows a series of progressive steps. Various phenotypic markers can delineate the sequence of differentiation events that occur. These markers have been used to study the development of differentiated cells in acute viral infections and chronic viral infections and the changes in the cell population that occur secondary to antiretroviral therapy for those individuals infected with HIV-1. The phenotypic markers most commonly used to define populations in these stages of differentiation are CD45RA, CD45RO, CCR7, CD62L, CD27, and CD28. CD45RA and CD45RO are relatively complementary markers, in that when the amount of CD45RA is elevated, CD45RO production is depressed; and when the amount of CD45RO is elevated, CD45RA is down-regulated. T cells that are CD45RA
ϩ (CD45RO Ϫ ) are either naïve or terminal effector cells. T cells that are CD45RA Ϫ (CD45RO ϩ ) are memory cells. When cells are proliferating, they down-regulate expression of CD45RA (1, 14, 25) . Alternatively, cells that express CD45RO can revert to a CD45RA ϩ phenotype (34, 65) . The coupling of tyrosine phosphatase activity and CD45 expression during T-cell activation has supported the role of CD45 in T-cell development (12, 37) .
The efforts to define memory cell populations by phenotype have developed from attempts to correlate these markers and various functional activities, such as effector potential and proliferative capacity. For the most part, studies of the memory phenotype have been divided into those groups that use CCR7 or CD62L (L-selectin) in conjunction with CD45RA (CD45RO) or those groups that use CD27 in conjunction with CD45RA (CD45RO). The phenotypic descriptors obtained by using CCR7 or CD62L have been driven by early work with nonhuman species. In the rat, cell function could be discerned from the cell's circulation pattern (21) . In a later study with sheep, researchers demonstrated that memory cells, as defined by the proliferative response to antigen and CD45 expression, circulated from the blood to peripheral tissues and then to the lymph nodes (32) . In distinction, naïve cells were trafficked from blood to lymph nodes by the high endothelial venules (32) . In murine CD4 cells (55) , this circulation pattern provided a means to study various adhesion markers, such as L-selectin (CD62L), which is capable of distinguishing these populations. In humans, Sallusto and colleagues (52) evaluated the chemokine homing receptor CCR7 and made a case for the use of this marker in conjunction with CD45 isoforms to define memory cell populations. In that work they found that CD4 T lymphocytes that had the effector memory phenotype (CD45RA Ϫ CCR7 Ϫ ) expressed high levels of type I and II cytokines, whereas naïve cells (CD45RA ϩ CCR7 ϩ ) or central memory cells (CD45RA Ϫ CCR7 ϩ ) expressed interleukin-2 (IL-2) but did not express gamma interferon (IFN-␥) or type II cytokines. In the CD8 population the terminal effector cells (CD45RA ϩ CCR7 Ϫ ) expressed the largest amounts of perforin. However, work from other groups found significant effector function in T cells with an earlier memory phenotype, suggesting a less stringent linkage between phenotype and function. In one study phorbol myristate acetate and ionomycin were used to compare chemokine receptor expression and cytokine production in CD4 ϩ T cells from blood and synovial fluid (27) . Pertinent to the present discussion was the finding that a significant percentage of cells in the CCR7
Ϫ subset and the CCR7 ϩ subset of CD4 ϩ cells produced IFN-␥ (27) . In another study CD4 ϩ T cells were evaluated for cytokine production as a function of their expression of CD62L. In that work it was found that all IFN-␥-producing cells were in the CD62L Ϫ population (23) . These cells were distributed to a greater extent in the CCR7 Ϫ population but can be found in the CCR7 ϩ population as well (52) . In addition, the description of terminal effectors defined by elaboration of effector molecules and no proliferative responses to antigen, as measured by shortened telomeres, has been brought into question. Recently, it has been demonstrated that CD8 ϩ CD45RA ϩ CD27 Ϫ CCR7 Ϫ cells from cytomegalovirus (CMV)-infected individuals can up-regulate expression of CCR7 in the presence of cognate peptide and various cytokines and can proliferate well. This demonstrated that some cells with a previously defined "terminal" phenotype have proliferative capacity (62) .
The other frequently used descriptors of memory cells are CD45RA and CD27 in context with CD28. As a lymphocytespecific member of the tumor necrosis factor-nerve growth factor receptor family, it was reasonable to study CD27 as a participant in cell differentiation and/or survival, similar to other members in the family. Using this logic, Hintzen and colleagues (25) explored the use of CD27 as a differentiation marker. Importantly, they demonstrated that activation of peripheral blood lymphocytes down-modulated the expression of CD27. Cells that lost the ability to express CD27 did not regain the ability to express it under the culture conditions used. Similarly, it has been shown that isolated CD4 ϩ T cells stimulated with phytohemagglutinin transiently up-regulate CD27 expression over the resting value but after 3 weeks are negative for CD27 expression (54) . These data suggest that CD27 is a marker of cell differentiation and that once it is lost, it is not reexpressed. CD28 is a major costimulatory molecule involved in T-cell activation. Upon activation CD28 expression is lost (30, 58) but can be reexpressed (64) . It is expressed early and is expressed on central memory cells. As differentiation proceeds, CD28 expression is lost from the cell (18).
CD4 ؉ T-CELL MEMORY IN PBLS FROM HIV-1-INFECTED INDIVIDUALS
Efforts to view the development of immunologic responses to HIV-1 and differences between HIV-1 and other viral infections have been studied by a number of researchers using the CD45 and CCR7 phenotypes. Numerous studies have demonstrated an inverse relationship between viral load and peripheral blood lymphocyte (PBL) proliferative responses to antigen, whereas this relationship is not found with the production of IFN-␥. In order to further evaluate these findings, Palmer and colleagues (44) asked whether CD4 ϩ T-cell responses to the HIV-1 gag antigen differed from CD4 ϩ T-cell responses to CMV antigen in the same HIV-1-infected cohort. By stimulating cells with the relevant antigen and gating on the cytokine-producing cells, they evaluated the memory distribution using CD45RA and CCR7. They found that treatmentnaïve infected individuals had a significantly higher proportion of IFN-␥-producing cells in the CD4 population that were CD45RA Ϫ CCR7 Ϫ than did either those who were on suppressive HAART or those who were slow progressors. Interestingly, the percentage of IFN-␥-producing cells in the central memory population had a significant negative correlation as a function of the viral load, whereas cells in the effector population had a significant positive correlation as a function of viral load. The antigen-responsive CD4 ϩ T cells directed against CMV antigen had a more differentiated phenotype than the antigen-responsive CD4 ϩ T cells directed against the HIV-1 antigen.
In another study (67) , the phenotypic markers CD27, CD28, and CCR7 were used to compare CD4 ϩ T cells that produced cytokine in the presence of HIV-1 or CMV antigen. In that study the CD4 ϩ T cells that were responsive to gag antigen were mostly early memory cells (CD27 ϩ CD28 ϩ ) and CCR7 ϩ , whereas those that were responsive to CMV antigen were mostly of the late memory phenotype (CD27 Ϫ CD28 Ϫ ) and CCR7
Ϫ , consistent with the findings of the previously described study (44) . After 6 months on suppressive HAART, there was a general increase in the CD27 ϩ CD28 Ϫ memory phenotype and a decrease in the CD27 Ϫ CD28 Ϫ late memory phenotype (67) .
CD8 ؉ T-CELL MEMORY IN PBLS FROM HIV-1-INFECTED INDIVIDUALS
The availability of HIV-1-specific class I tetramers has provided a means to evaluate the memory phenotypes of CD8 ϩ HIV-specific T cells directly. Using the tetramer complexes directed to CD8 ϩ T cells that recognize specific HIV-1 amino acid sequences, Champagne and colleagues (11) determined that CD8 ϩ T cells from HIV-1-infected individuals were found predominantly in the CD45RA Ϫ CCR7 Ϫ population. On the other hand, CMV-specific cells were predominantly in the effector population (CD45RA ϩ CCR7 Ϫ ), whereas the HIV-specific CD8
ϩ T cells were of the memory phenotype. Therefore, CMV infection is able to drive the differentiation of CD8 ϩ T cells toward a later effector phenotype compared to the phenotype toward which they are driven by HIV-1 infection, in a manner similar to that seen in the CD4 ϩ T-cell responses. In that study little proliferation to antigen was seen in the CCR7 Ϫ phenotypes. Although consistent with other studies ( 23, 52) , this finding has recently been brought into question by a number of laboratories in which the addition of an exogenous cytokine overrides the lack of CD28 costimulation and produces proliferation of CD8 ϩ CD45RA ϩ CCR7 Ϫ T cells (62, 66) . This suggests that a favorable cytokine environment can drive proliferative responses in this cell population. Studies similar to those described above have evaluated the lymphocyte differentiation phenotypes by using CD27 and CD28 for different viruses. In acute viral infection, activation markers are increased on CD8 ϩ T cells that are antigen specific and proliferating (7, 49) . The response to an acute viral infection seems to be the same whether it is HIV-1, CMV, Epstein-Barr virus (EBV), or hepatitis C virus. Cells stimulated with antigen first down-regulate the CD45RA ϩ phenotype and express the low-molecular-weight isoform, CD45RO ϩ , while they maintain CD27 and CD28 expression. This is followed by a loss of CD28 expression, which leads to cells with an acute memory phenotype, CD45RO ϩ CD27 ϩ CD28 Ϫ (59). ϩ CD27 ϩ cell population is monitored over time, it remains relatively constant or decreases (39, 61) . This is in distinction to the same ratio for EBV-specific T cells, which increases over time, suggesting an enhancement in the CD27 Ϫ population (61) . The presence of CD27 Ϫ cells may be important in HIV-1-infected individuals since it has been found that the greater the percentage of CD8 ϩ CD27 Ϫ T cells is, the slower the rate of progression to AIDS is (61). Additional support for the importance of fully differentiated T cells in HIV-1 disease comes from a recent study that evaluated the presence of CD45RA ϩ CCR7 Ϫ CD8 ϩ T-cell subsets in infected individuals who were able to control their viral loads (24) . In that work it was shown that the HIV-specific CD8 ϩ T-cell phenotype was predominantly CD45RA ϩ CCR7 Ϫ in those infected individuals who were nonprogressors and was enhanced in those exhibiting viral control after structured treatment interruption (24) . Those who were unable to control virus had CD8 ϩ T cells of the CD45RA Ϫ CCR7 Ϫ phenotype (24) .
In another study, peptide-loaded tetramers were used to identify the dominant differentiation CD8 ϩ T-cell phenotype for HIV-1, EBV, CMV, and hepatitis C virus in patients with acute and chronic infections (7). Appay and colleagues (7) found that in chronic infection the majority of EBV or hepatitis C virus tetramer-positive cells were enriched in the early, CD27 ϩ CD28 ϩ , phenotype. CMV tetramer-positive cells from chronically infected individuals were enriched in the late, CD27 Ϫ CD28 Ϫ , phenotype. Antigen-specific CD8 ϩ T cells from chronically HIV-1-infected individuals had a dominant CD27 ϩ CD28 Ϫ phenotype, similar to that in patients with the acute form of infection. Tussey and colleagues (59) also found similar phenotypic differences for chronic EBV, CMV, and HIV-1 infections. In addition, they demonstrated that the memory phenotype for antigen-specific CD8 ϩ T cells from HIV-1-infected individuals on suppressive HAART tended toward the CD45RA Ϫ CD28 ϩ memory phenotype for EBV and influenza viruses, two viruses with low antigenic burdens. Figure 1 summarizes the schema for the memory cell-to-effector cell differentiation pathway for the differentiation phenotypes described above.
As indicated above, phenotypic designations may not correlate completely with effector function. Additional data supporting this contention were obtained from the study by Appay and colleagues (7), in which moderate levels of expression of perforin and high levels of expression of granzyme A were found in the antigen-specific T cells in both chronic EBV and HIV-1 infections. Other groups have demonstrated that the phenotype does not completely parallel effector function. This may best be seen in acute infection, in which CD27 ϩ T cells can produce a robust lysis of target cells (22, 56) . Other factors, such as cell activation, participate in disease progression (20) as well as CD4-cell recovery after HAART (6) and confound the strict use of the memory phenotype as the sole predictor of outcome (7) as well. That said, the importance of driving differentiation to the effector phenotype has implications in controlling HIV-1 infection, as described above (24, 39, 61) , suggesting that the fully differentiated cells tend to have a greater effector potential than earlier memory cell populations
T-CELL RECOVERY AFTER HAART
In many clinical trials with HIV-infected patients, it has been demonstrated that T-cell recovery of the memory cell population occurs rapidly in the plasma compartment, followed by a slow increase in the naïve cell population (8, 31, 38) . Whether these changes in memory cell populations can be attributed to proliferation or redistribution from lymphoid organs after the initiation of HAART continues to be a point of discussion. Following the seminal studies on the effect of HAART on the viral load (26, 63) , a flurry of letters (36, 53, 45) followed and suggested that although proliferation could explain the increase in CD4 counts, the redistribution of sequestered lymphocytes released into the blood after a reduction in the antigenic burden might explain the increase in the CD4 count as well. Although a mathematical argument suggested that this could be true (43), Bucy and colleagues (10) demonstrated this in a definitive manner by sampling lymph nodes before and after HAART. In that work they demonstrated a decrease in the lymph node cellularity following HAART. Before HAART there was a significantly greater number of CD8 ϩ CD45 ϩ CD62L ϩ cells in the lymph nodes than in the blood. After HAART there was no difference in the percentage of cells displaying the CD8 ϩ CD45 ϩ CD62L ϩ phenotype between these compartments, pointing to a possible redistribution of these cells. In a later study (29) , changes in the distribution of the T-cell receptor V␤ in the blood, which occurred after HAART, demonstrated that both T-cell expansion and T-cell redistribution from lymph node compartments contribute to the changes in CD4 and CD8 T cells. Studies demonstrating that lymphocytes preferentially localize in anatomical sites commensurate with viral distribution preferences and antigenic burden (33) provide indirect evidence that redistribution occurs after HAART. Ellefsen and colleagues (16) showed that CD8 ϩ T cells targeted HIV in lymph nodes, whereas this was not the case with CMV. In that work they evaluated both the phenotypic and the functional characteristics of CD8 ϩ T cells directed against HIV-1 epitopes by tetramer staining.
Analysis of CD8
ϩ T cells that were CMV specific revealed that a significant percentage of CCR7 Ϫ cells were in the blood compartment and that a low percentage were in the lymph nodes, whereas analysis of CD8 ϩ T cells that were HIV-1 specific revealed that a high percentage in both the blood and the lymph node compartments had the CCR7 Ϫ phenotype, demonstrating a proliferation or recruitment of these cells to the lymph nodes in HIV-1 disease.
Recovery of naïve cells after HAART occurs more slowly than that of the memory cell population. This recovery is in part secondary to cell redistribution as well as increased output by the thymus. By using deletion circles (remnants of T-cell receptor recombination), it has been demonstrated that the thymic output of naïve cells increases (15) upon the institution of HAART in HIV-1-positive individuals. The production of new cells is dependent on age (15) and the pre-HAART thymic volume (51) . Changes in T-cell turnover contribute to the changes in the distributions of memory cell and naïve cell subsets after HAART initiation. When the in vivo kinetics of D-glucose-labeled T cells are evaluated, the rate of T-cell turnover for naïve HIV-1-infected individuals is greater than that for uninfected individuals (35) . After HAART, T-cell turnover diminishes toward a level seen in infected controls (35) .
Although memory cell numbers recover rapidly after the initiation of HAART, there is controversy as to whether memory cells persist while a patient is receiving fully suppressive therapy. This controversy revolves, in part, on whether the presence of antigen is required for the maintenance of immunologic memory. However, over the past decade a significant body of data has demonstrated the presence of long-lived antigen-independent memory cell populations (for a review, see reference 17) . Data have demonstrated a decrease in the frequency of memory cells in HIV-1 disease, as determined by the frequency of cells that produce cytokine in the presence of HIV antigen, commensurate with the time of suppression during HAART (46) . Results from proliferation experiments have been mixed in regard to demonstrating PBL memory responses to HIV antigens from suppressed donors (2, 5, 9, 13, 47, 48, 50, 57) . The differences between these findings may be one of assay sensitivity rather than one of an inability to respond to antigen (28) . A number of studies have evaluated cytotoxic T-lymphocyte (CTL) specificity in PBLs from individuals during structured interruption of suppressive HAART in HIV-1-infected individuals (4, 42) . These CTLs were shown to have the same specificity as the CTLs studied before treatment with HAART. Such studies demonstrate the persistence of memory cell responses. The persistence of memory CD4 ϩ T cells is important, since the generation of protective CTLs is dependent on a vigorous CD4 response (3, 4, 41) . The continued existence of antigen-specific memory CD4 ϩ T cells thereby provides a potential framework by which such a vigorous response is generated and provides a platform for vaccine research.
MAINTAINING MEMORY
It is clear that different viruses generate different chronic memory differentiation profiles. Although this is due in part to the antigenic burden, other variables participate in the development and the persistence of the memory response. In HIV-1 disease, understanding these variables is important in the development of vaccines. It is known that cytokines drive proliferative responses without antigen. In the mid-1990s it was shown that a cocktail of cytokines was able to support CD4-cell proliferation and affected the differentiation phenotype (60) . In a later work (19) it was demonstrated that cytokines that bind to the receptors containing the ␥c chain, such as IL-7 and IL-15, support proliferation in the presence of dendritic cell cytokines or supernatants from lipopolysaccharide-stimulated dendritic cells in the absence of antigen. In that work IL-15 plus IL-7 and the dendritic cell cytokines drove the proliferation of memory cell subsets. In the central memory cell population (CD45RA Ϫ CCR7 ϩ ), use of this cytokine mixture resulted in the development of cells with an effector phenotype (19) . Oh and colleagues (40) recently addressed the relevance of IL-15 in maintaining immunity to HIV-1. In that study mice were immunized with recombinant vaccinia viruses that expressed IL-15 or IL-2 and the full-length HIV-IIIB gp160. In that system mice immunized and boosted with the IL-15-expressing vector had a greater number of tetramer-specific CD8 ϩ T cells than mice treated with the HIV vector alone or boosted with IL-2 over time. The transfer of CD8 ϩ -specific cells from animals immunized with the IL-15-expressing vector to naïve animals demonstrated that a greater number of cells were maintained and that the cells continued to proliferate. These data, along with the findings of in vitro studies, demonstrate that both cognate and humoral factors are critical in the maintenance of HIV-1 immunity.
CONCLUSIONS
Over the past decade significant advances have been made in evaluating memory cell differentiation pathways for viruses. The reasons why one virus drives a dominant cell differentiation phenotype and another virus drives a different phenotype are areas of great interest. Even with the ability to tease out the potential contributions of cytokines and the interplay of cognate interactions and costimulatory signals in vitro, the task of translating these results into an understanding of viral interactions in the host is significant and difficult. For HIV-1 disease this problem is somewhat amplified owing to the lack of a small-animal model that allows work to be performed in a defined environment. It is hoped that the in vitro work, described above, that has evaluated the development of helper and effector T cells in individuals with HIV-1 disease can be used to target relevant therapeutic interventions that will lead to improved outcomes. This possibility will be tested over the coming years. VOL. 11, 2004 MINIREVIEW 1005
